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Abstract

The transport, flow shear, and linear growth rates of microturbulence are studied for a
JET plasma with high central q in which an internal transport barrier (ITB) forms and
grows to a large radius. The linear microturbulence growth rates of the fastest growing
(most unstable) toroidal modes with high toroidal mode number are calculated using
the GS2 and FULL gyrokinetic codes. These linear growth rates, vj,, are large, but
the flow-shearing rates, ygxp (dominated by the toroidal rotation contribution) are also
comparably large when and where the I'TB exists.

1. Introduction - Experiments in a large number of Tokamaks have achieved reduced
transport and enhanced confinement with an internal transport barrier (ITB) associ-
ated with weak or reversed magnetic shear. Key issues for extrapolating to a burning
plasma regime are understanding the triggering mechanisms, formation, expansion, and
sustainment of the ITB. Multiple factors may be playing roles in current experiments.
Understanding these factors, such as the types of heating used, rotation, and impurities,
are important for extrapolating to next step Tokamaks.

Recent experiments in JET have produced plasmas with large-radius I'TB’s having high
neutron rates and strongly reversed magnetic shear [1,2]. Generally a current ramp is used
with NBI, ICRH, and LHCD to prepare the plasma. The transport, flow-shearing rates
[3], Yexn, and linear growth rates of microturbulence are studied for one of these best-
performing plasmas with high central q in which a pronounced I'TB grows to large radii,
with a concomitant reduction of ion thermal conductivity, x; to neoclassical values, Xpc.
If a reduction in microturbulence is the cause of the reduced transport, it is plausible that
either the growth rate of the microturbulence is reduced, or some mechanism such as flow
shearing is preventing the microturbulence from causing large transport. We show that
the linear microturbulence growth rates of the fastest growing (most unstable) toroidal
mode with high toroidal mode number, vy, are large, but yg«p are also comparably large
when and where the ITB forms and expands.

A measure of the reduction in transport can be given by the ratio of ygxp and ~;,, both
of which are studied below. Simulations indicate that where this ratio is greater than ~
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unity, the plasma is expected to have increased confinement due to shear suppression of
turbulence [4]. This effect can be summarized in:

xi = max{xo|l — & ”j*B |, X} (1)

lin

where o gives the transport in the hypothetical plasma with the same conditions, but
with zero vgxg, and X, is the neoclassical transport. g is expected to be at the level of
L-mode transport. The coefficient « is a constant of order unity. The parameterization
a was found to vary between 0.5 and 2.0 in the nonlinear gyrofluid simulations.

In JET, neutral beam heating is required to achieve plasmas with a strong I'TB in the ion
temperature. The neutral injection is in the co plasma current and toroidal field direction,
and generates large Mach numbers (ratio of toroidal velocity to thermal velocity), creating
the large ygxp. In some of these I'TB plasmas the impurity densities tend to increase in
the core with time. This accumulation generally occurs in JET I'TB plasmas with highly
peaked electron profiles. This paper shows that the flow shear and impurity contribute
to decrease the micro-instability growth rate. The quasilinear particle and heat fluxes
are also calculated.

There are several issues about the extrapolation of these plasmas to future tokamak re-
actors. It is not clear how to sustain large Mach numbers in power-producing tokamak
reactors. Also a tendency for the impurities to increase in time in a reactor could ex-
tinguish the ignition. It is important to assess if these characteristics of this plasma are
related to, or necessary, for the high confinement.

2. Plasma conditions - Figure la shows waveforms of the plasma studied. More de-
tails can be found in Ref. [2]. Modulated puffs of Neon gas were used to allow diagnosis
of impurity transport properties. The line-integrated electron density and confinement
enhancement H factors increase until a disruption terminates the plasma. The ion temper-
ature and toroidal rotation profiles of the carbon impurity, measured by charge-exchange
spectroscopy, develop a strong gradient, shown in Fig. 1b, implying the existence of sev-
eral ITB’s. Profiles of n, and T,, shown in Ref 2, also indicate I'TB’s. They all appear to
coincide at least for the strong I'TB.

The TRANSP plasma analysis code [5] was used to analyze the discharge. Figure 2 shows
the time evolutions of the ion temperature of the deuterions, 7; p, and the ratio Xi/Xuc
at various values of the toroidal flux variable, z = vnormalized toroidal flux. TRANSP
calculates T; p from the measured T; ¢ of carbon using local equilibration rates (described
in the Appendix of Ref 5). In the center T; p is lower than T; ¢ by up to 300 eV. In the
following we use T; to denote either when the distinction is unimportant.

There are three bursts of MHD which have n=1 activity measured by Mirnov loops. The
first, occurring around 4.4-4.6s reduces 7; and increases y;. This MHD is a identified as
a sawtooth-like event, associated with the transient loss of 7} in the core, followed by
a post-cursor. This sequence is similar to those often seen in JET ITB plasmas with
strongly reversed magnetic shear [6]. This MHD is followed by a rapid recovery until the
NBI power was ramped up around 5.0s. Around 5.2s a weak ITB forms in the plasma
core. Around 5.85s a strong I'TB forms in the core (x < 0.4) and expands outward at
least until 6.3s, where it weakens near x = 0.6. The foot of the I'TB’s in T}, wior, Te, and
ne occur in approximately the same radii, and expand together [2]. Around 6.45s T; in
the center starts to drop. The second burst of MHD is seen from 6.5 until 6.75s. The fast
magnetics data confirms that it has n=1, and suggests that it has m~3. The magnitude
of the electron-cyclotron-emission fluctuations at the dominant frequency (=~ 30 kHz)
peak in the region between the two TRANSP-calculated q=3 surfaces. The third burst
of MHD occurs around 6.84-6.9s, and is followed by a giant ELM and a fast disruption,
terminating the discharge. In this paper we concentrate on the formation and expansion
of the the I'TB’s which start around 5.2 and 5.85s.



Previous experiments in JET ion heated I'TB plasmas have shown localized reductions of
density fluctuations in the I'TB gradient region with wavelengths and frequencies in the
ITG range coincident with reduced thermal diffusion [7]. The RMS density fluctuation
level from the 96 GHz x-mode reflectometer channel is shown in Fig. 3. The cutoff layer
position is estimated to be in the range r/a ~ 0.4—0.7, outside the region where the ITB’s
first form. There is a drop in the RMS level after 5.0s till the end of the discharge. The
spectra of the fluctuations are broadly spread from 20 up to 250kHz, which when taking
into account the plasma rotation velocity translates to wavelengths of a few tens of cm -
i.e. ITG range. The RMS density fluctuation level from the 75 GHz x-mode reflectometer
channel near =1 does not see a RMS reduction after 5.0s. Further analysis is required
for a quantitative understanding of these measurements.

Early LHCD and the plasma current ramp form a strongly reversed q profile. The mea-
sured pitch angle near the plasma axis is zero within the measurement errors, indicating a
current hole with infinite q [8,9]. The profile was measured at one time (3.8s) using MSE
[2,8], shown in Fig. 4. The measurement has been corrected for E,, estimated from the
measured toroidal rotation rate, but neglecting the poloidal rotation and pressure gra-
dient. The contributions of these should be small, as shown below. The E, corrections
to the measured pitch angle are typically 0.5-1.0 degree for these plasmas. TRANSP
was used to compute the evolution at later times using the non-inductive currents and
neo-classical resistivity for the Ohmic current. The value of ¢q,,;, is slightly below 3.0 at
the measurement time, and is computed to shift to lower values and shift inward. The
final I'TB expands into a region of positive magnetic shear, some JT-60U plasmas where
the ITB tends to follow the minimum in ¢ [10].

Profiles of the total pressure are shown in Fig. 5. JET reverse shear plasmas with
similarly peaked pressure profiles generally disrupt. Those with similarly peaked density
profiles generally accumulate impurities. The densities of the carbon and neon impurities
are measured by charge-exchange spectroscopy [11]. The density of the nickel impurity
is derived from the soft X-ray emission [12]. Profiles at two times shown in Fig. 6,
indicate an accumulation of impurity within the ITB region. Recently TRANSP has
been upgraded to allow input of an arbitrary number of density profiles of impurity
species and charge states. From these inputs, TRANSP calculates the profiles of the
impurity fluxes.

The large rotation rates resulting from the co-NBI and shown in Fig. 1b imply large Mach
numbers of the toroidal velocity relative to the thermal velocity. The central value of the
Mach number for the carbon rises above unity around 4.0s and nearly reaches 2.0 by the
end of the discharge. The central value of the Mach number for the thermal deuterium
ions is around 1.0-1.3 after 4.0s.

The flow shear rate can be calculated from the radial electric field, E,, which can be
calculated from force balance for any thermal species:

Vip)=eZ (E+7 x B) (2)
E, = vroriBro — UporsBror + ——V (i) (3)
r — UTorgiL?Pol PoliPTor e Zzn Di

First we calculate E,. on the outer midplane using the measured toroidal rotation rate
and the gradient of the carbon pressure, along with the poloidal rotation rate calculated
from neoclassical transport using the NCLASS code [13] built into TRANSP. Examples
at two times are shown in Fig. 7. The toroidal rotation term dominates E, even though
this is a high performance plasma with a peaked pressure profile. The force balance of
any of the other thermal ion species must be the same for MHD equilibrium.



The analogous calculation for the thermal deuterium gives a similar profile for £, although
each of the three contributions are rather different. NCLASS calculates the deuterium
toroidal velocity, vre,p from the measured vr,. ¢, and and poloidal velocity, vpy,p from
neo-classical theory. Using these along with T} p and np gives the results shown in Fig.
8. The profiles of E, are close to those in Fig. 7, but not identical due to smoothing and
errors in mapping.

The shearing rate on the outer midplane is given in terms of E, (Ref. [3]) by:
RB., 8  E,

RBPol 0 E’I‘
~ 4
B )81/1 RBpol) ( B )8R RBp, (4)

TExB = (
Profiles are compared with 7, below.

3. Micro-instability - Low frequency electrostatic drift-type instabilities, driven by
ion temperature gradient (ITG), trapped-electron mode (TEM), and/or electron temper-
ature gradient (ETG) dynamics, are candidates for the anomalous transport generally
observed in Tokamak plasmas. The gyrokinetic codes GS2 and FULL were used to study
this plasma. Seven species are included in the calculation: thermal electrons, thermal
deuterium, the measured impurity carbon, neon, and nickel densities, the fast deuterium
from the NBI, and the minority hydrogen for the ICRH.

(GS2 is a comprehensive electromagnetic code [14,15] for calculating the maximum growth
rate Ymax and the real part of the mode frequency w, for the fastest growing mode. GS2
starts with initial-values and solves the linearized gyrokinetic equation in a general flux
tube geometry. A new TRANSP postprocessor generates the GS2 inputs [16].

GS2 assumes a fixed product of the poloidal mode number ky (= nq/r in the circular
approximation) and the ion gyro-radius p;. Ranges of values for kyp; were scanned at
each time and radial zone to find Yy,x. Calculations were performed at 200msec intervals
starting at 3.8s and ending at 6.8s, and at up to 20 zones equi-spaced in z. Plots of the
spectra at several zones when the strong I'TB forms are shown in Figs. 9. At low values
of kgp;(< 1), min often has a broad peak versus kyp; with a maximum value around kgyp;
= 0.30-0.50. This range is around that typically found for gyrokinetic and gyrofluid sim-
ulations. The mode frequency wy;, is positive (in the ion diamagnetic direction), typical
of the ITG branch. At larger values of kyp;, wy, changes sign and the trapped electron
mode (TEM) and/or the electron temperature gradient mode (ETG) branch dominate.
These branches can interact non-linearly, but we have not studied that interaction.

Generally, the spectra have large peaks at large kyp; ~ 40.0. Although the amplitude
is much larger than that of the ITG mode, the wavelength is too small to have a direct
effect on the ions. Since this paper focuses on the ion channel, we do not address TEM or
ETG contributions. In the following we denote the maximum growth rate for kyp; < 1.0
as Yrrg, and the value at kyp; = 0.40 by 794. The calculated linear growth rates v;r¢g
remains large (~ 0.2 Mradians/s) at large radii on the outer mid-plane. Examples are
shown in Fig. 10.

In Figs. 11 we show the time evolution of v;7¢ and yg«p at various values of x. Figures 11
(a-b), show that the onset of the strong transport barrier in the core (z < 0.6) occurs when
YeExB >~ Yrrg consistent with the simple form of the Waltz criterion (Eq.1). However, at
larger radii (z > 0.5 in Fig. 11 (c-d)), we find that vy, exceeds yuxp. The ITB appears
to expand out and become weak around z=0.55 at 6.4s. The weakening of the ITB past
x=0.55 appears to be consistent with Figs. 11 (c-d), unless « in Eq.(1) increased above
unity at larger radii for some reason.

This JET discharge was also analyzed for three times using the comprehensive micro-
instability code the FULL code [17,18]. FULL is an eigenvalue code, whereas GS2 is an



initial-value code, and the two codes have been bench marked in Ref. [14]. Both codes
employ the “ballooning representation” for high-n micro-instabilities, and include all
relevant local physics associated with linear gyrokinetic theory. The full electromagnetic
version of the GS2 code was used, whereas only the electrostatic version of FULL was
used. For the FULL code calculations, a Maxwellian equilibrium distribution function is
used for all of the species except the hot beam ions, for which a slowing-down distribution
is used. The stabilizing effect of yg«p is included in the calculation using the model
described in Refs. [19,20]. The FULL code is used to calculate linear growth rates and
real frequencies, as well as quasilinear particle and energy fluxes for each species, for the
electrostatic ITG and TEM modes.

Profiles at the final time studied (6.8s) are shown in Fig. 12. The FULL results are shown
with three different cases of assumptions: 1) one effective impurity, but no rotation; 2)
the three measured impurities, but no rotation; and 3) the three impurities with including
the rotation model. The linear growth rates without rotation are shown with kyp; held
fixed at 0.47, and the rate with rotation at kgp; = 0.68. The effect of using the three
impurity species instead of combining them together reduces the growth rate slightly.
For instance, at £=0.5, the values of ;, would be 0.210 [Mradians/s| if impurities were
omitted, 0.184 using one average impurity, 0.199 with only the carbon, 0.195 with the
addition of neon, and 0.134 with the addition of nickel. Thus at this time and radius the
no impurity result is reduced about 36% by inclusion of the measured impurities. The
inclusion of rotation in the FULL analysis is seen to strongly suppress the linear growth
rate, with positive values only near the plasma edge (z > 0.7), consistent with the radial
extent of the strong ITB. FULL indicates that this mode is unstable over most of the
plasma cross section at all three times examined (4.8, 5.8 and 6.8s) if rotation is not
included, but the unstable region at each time becomes much narrower when rotation is
included.

Figure 12 also shows the GS2 results for comparison. Since the GS2 results for ~;;, do
not vary significantly between kyp; = 0.40 and 0.47, the one-impurity, no-rotation FULL
profile and the GS2 -4 profile should be very similar (according to the benchmarking
of the two codes) except that 1) different sources for the MHD equilibria were used, 2)
different smoothing of the data was used, 3) The modes were held fixed for the FULL
scans, but are maximized at each radius for the GS2 scans, and 4) the electromagnetic
contributions were included in the GS2 calculation.

The quasilinear heat and particle fluxes are calculated by both the GS2 and FULL codes.
The unknown nonlinear saturation level for the instability determines the absolute level
of each individual flux, but divides out for the ratios of fluxes. FULL indicates that the
ratio Quermal—ion/Qe = (@p + Qc + Qne + Qni)/Qe is much larger than unity in the
unstable regions with rotation for ¢ = 4.8 and 5.8s, but becomes smaller than unity for
t = 6.85. A trend in the same direction is seen for the corresponding experimental flux
ratios computed by TRANSP. The quasilinear particle fluxes of the C, Ne, and Ni flow
inward in the regions of positive v, at 4.8 and 5.8s. At 6.8s, the C and Ne fluxes are
outward whereas the Ne flux remains inward. These trends are in qualitative agreement
with the accumulation of impurity in JET ITB plasmas [11,12]. It will be interesting to
compare these quasilinear fluxes with impurity transport measurements in JET.

4. Discussion - The expansion of the ITB outward from the core, in particular its
apparent deviation from the radial evolution of the g¢,,;, surface, deserves further studies
and understanding. This paper shows that the GS2 comparison of v;7¢ with ygxp in
Figs. 10-11 are consistent with the Waltz criterion (Eq.1). The FULL results without
rotation are in approximate agreement with the GS2 results. The FULL results with the
self-consistent inclusion of rotation are also in approximate agreement with the formation
and expansion of the ITB out to x = 0.6.

One should note that in the model for y; in Eq. (1), 7i» may be oversimplified for several
reasons. Dimits [21] showed that x; vs. shearing rate is often not a linear function, and



also points out, as have others, that sheared parallel flow (which has been neglected in
these gyrokinetic calculations) can have a destabilizing effect that partially offsets the
stabilizing influence of sheared ExB perpendicular flows. More accurate models of the
effects of sheared flows, and fully nonlinear calculations of their effects for comparison
with particular experiments, would be interesting work for the future.

The reduction of ion transport correlates with increases of Yrxp/vrrg. A similar cor-
relation of ion transport with yg«g/vrr¢ has been found for ELMy H-mode plasmas in
JET [22]. Generally the linear growth rate appears to decrease slightly, but remains
large in the presence of the strong ITB and reduced transport. The flow shearing rate
tends to increase when and where the strong I'TB exists. It is dominated by the large
measured toroidal rotation velocity resulting from the co-injection of the NBI. In strongly-
rotating JET plasmas the measured pressure gradient does not contribute significantly
to the radial electric field and to the calculated flow shearing rate. In other Tokamaks,
such as TFTR with both co and counter aimed NBI, strong I'TB’s could be produced
even with balanced NBI as a consequence of the significant role of the pressure gradi-
ent. The toroidally-driven flow shear in JET ITB plasmas offer the potential for even
higher performance in JET. However, if the pressure gradient term remains insignificant
for future large Tokamaks, an externally driven flow shear may be required to stabilize
the microturbulence.
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7. Figure Captions

Figure 1 - a) Waveforms of the plasma studied. The vertical dashed lines indicate approx-
imate start times of ITB occurrences (at 5.2 and 5.85s); b) profiles of the ion temperature
and toroidal rotation rate measured in the carbon impurity

Figure 2 - Time evolutions of the ion temperature and x;/xnc at various values of the

flux label z = v/normalized toroidal flux. ITB’s are indicated by a break in the rate of
increase of T; p around 5.2s and 5.85s. Decreases in the ratio x;/xnc tend to occur soon
after the occurrence of the strong ITB triggered in the core at 5.85s.

Figure 3 - a) fluctuation level at the 96 GHz x-mode versus time. b) the corresponding
region of normalized r/a is in the range 0.4-0.7. The ITB’s form closer to the plasma
axis.

Figure 4 - Profiles of q measured by MSE (corrected for E,) at 3.8s and computed by
TRANSP at later times. b) is a zoom of a).

Figure 5 - Profiles of total pressure computed by TRANSP

Figure 6 - Profiles of the C, Ne, and Ni impurity densities at the time of the formation of
the strong, persistent ITB and just before disruption. nj,, is the single effective impurity
density that gives the same Z.g as the C, Ne, and Ni densities. For comparison, the
electron density divided by 100 is shown.

Figure 7 - Profiles of contributions to the radial electric field along the outer midplane,
calculated from force balance on carbon and mapped to x at the start of the weak I'TB
and near the end of the plasma. Generally the carbon pressure gradient term is a small
contribution to F, in JET, except possibly in the pedestal.

Figure 8 - Profiles of contributions to the radial electric field along the outer midplane,
calculated from force balance on deuterium and mapped to x at the start of the weak
ITB and near the end of the plasma. The deuterium pressure gradient term is relatively

large, but is partially canceled by the v[it'), term. If the v;o, term were small, E, would

be also.

Figure 9 - GS2 scan in kyp; at 5.8s, just before the start of the strong, sustained I'TB
at 5.85s. a) The linear growth rate ~,,,, has a local ITG peak near kyp; ~ 0.50 and a
large ETG peak near kgp; = 40. b) the mode frequency, wpq, is in the positive ion-drift
direction for the ITG branch, but switches sign, becoming negative (in the electron-drift
direction) after kyp; ~ 2.0 Convergence of the GS2 calculations is difficult to obtain in
the region around kyp; =~ 1.2 where both the ITG and TEM branches have comparable
contributions.

Figure 10 - GS2 profiles of 754 and y;rg compared with ygxg. Yrrg is the result for
kop; < 1.0, and 7g4 is the result for kyp; = 0.4. At early times the growth rates are
greater than the flow shear rates. As of 5.6s, Ygxp exceeds yrrg around x=0.3. Rectan-
gles indicate approximate locations of the 7; ITB.

Figure 11 - Time evolutions at various zones. The rectangles indicate approximate occur-
rences of the break in the rate of increase of the local 7; indicated in Fig. 2. The ITB’s
are very weak if they exist at all, for z > 0.6.

Figure 12 - Profiles of FULL and GS2 results at 6.8s, when the I'TB has weakened or
ceased to exist by x = 0.7. Three profiles from FULL compare the growth rate calcu-
lated assuming a) a single average impurity species with no rotation and kgp; = 0.47, b
three separate impurity species (C, Ne, and Ni) with no rotation and kgp; = 0.47, and ¢
three separate impurity species, rotation, and kgp; = 0.68. The GS2 results use the three
impurity species, but do not include the rotation self-consistently. v;7¢ is the GS2 result
for kgp; < 1.0, and 7y 4 is the GS2 result for kyp; = 0.4. The GS2 and FULL calculations
started with the same TRANSP run, but used slightly different assumptions, as described
in the text.
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Figure 1 - a) Waveforms of the plasma studied. The vertical dashed lines indicate approx-
imate start times of ITB occurrences (at 5.2 and 5.85s); b) profiles of the ion temperature
and toroidal rotation rate measured in the carbon impurity
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Figure 2 - Time evolutions of the ion temperature and x;/xnc at various values of the

flux label £ = v/normalized toroidal flux. ITB’s are indicated by a break in the rate of
increase of T; p around 5.2s and 5.85s. Decreases in the ratio x;/xnc tend to occur soon
after the occurrence of the strong ITB triggered in the core at 5.85s.
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Figure 3 - a) fluctuation level at the 96 GHz x-mode versus time. b) the corresponding
region of normalized r/a is in the range 0.4-0.7. The ITB’s form closer to the plasma

axis.

[arb.]
o1

96 GHz x-mode

— e

=
o

- NBlon  weak ITB forms

!

!

MHD

| strong ITB

MHD

2IIIIIIIIlllllmlllllllllllll ||||m||]

4.0 5.0 6.0

w
o

Time [s]

7.0



30 I I I I | I I I I
] «— MSE-measured q |
i at3.8s N
7] TRANSP-calculated g 7
20 — —
N 52 7
q | |
10 — 51976C19
0 | T T T | T T ]
— MSE-measured q —
] " at 3.8 s .
45 — —
q TT— 5.2 -
i 5.8 i
3.5 — _]
§ 6.8 / .
] ' 51976C19 |
2.5 T T | | | T T T T
0.0 0.5 1.0

x = Toroidal flux label

Figure 4 - Profiles of q measured by MSE (corrected for E,) at 3.8s and computed by
TRANSP at later times. b) is a zoom of a).
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Figure 6 - Profiles of the C, Ne, and Ni impurity densities at the time of the formation of
the strong, persistent ITB and just before disruption. np, is the single effective impurity

density that gives the same Z.g as the C, Ne, and Ni densities. For comparison, the
electron density divided by 100 is shown.
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Figure 7 - Profiles of contributions to the radial electric field along the outer midplane,
calculated from force balance on carbon and mapped to x at the start of the weak ITB
and near the end of the plasma. Generally the carbon pressure gradient term is a small
contribution to E, in JET, except possibly in the pedestal.
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Figure 8 - Profiles of contributions to the radial electric field along the outer midplane,
calculated from force balance on deuterium and mapped to x at the start of the weak
ITB and near the end of the plasma. The deuterium pressure gradient term is relatively
large, but is partially canceled by the VIJXJIC,D term. If the v;,. term were small, E, would

be also.
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Figure 12 - Profiles of FULL and GS2 results at 6.8s, when the I'TB has weakened or
ceased to exist by x = 0.7. Three profiles from FULL compare the growth rate calculated
assuming a) a single average impurity species with no rotation and kyp; = 0.47, b) three
separate impurity species (C, Ne, and Ni) with no rotation and kgp; = 0.47, and ¢) three
separate impurity species, rotation, and kyp; = 0.68. The GS2 results use the three
impurity species, but do not include the rotation self-consistently. v;7¢ is the GS2 result
for kgp; < 1.0, and 7y 4 is the GS2 result for kyp; = 0.4. The GS2 and FULL calculations
started with the same TRANSP run, but used slightly different assumptions, as described
in the text.
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